Epithelial and neuronal cells are highly asymmetric, with discrete regions responsible for different roles that underlie the generation of specifi c compartments within cells that are distinct in biochemical composition, structure, and morphology that ultimately lead to distinct functions. Controlled and specifi c molecular targeting and sorting have been studied to understand the generation of asymmetric domains inside cells. Recently, a new and complementary explanation has emerged to account for the generation of domains that are enriched by a subset of proteins or polarization determinants: local proteolysis. In this review, we discuss the most conspicuous proteolytic systems that may contribute to the generation of cell polarity, namely the ubiquitin-proteosome and the calpain systems. Specifi cally, we focus this review on two cellular processes that depend on the acquisition of cell polarity; cell migration and the establishment of an axon in a neuronal cell.
INTRODUCTION
Cellular asymmetry is a central event in several physiological processes, including directed cell migration and the determination of morphology in neurons. In spite of molecular differences among them, migrating cells and differentiating neurons behave as polarized structures. Migrating cells display two polarized protrusions, the leading and trailing edges, that extend from the cell body (Petrie et al., 2009) . Differentiating neurons include two polarized domains that differ in composition and function, the axon and the somatodendritic compartment. In both cases, the acquisition of polarity is a central issue associated with the enrichment of a subset of proteins in a particular cellular compartment. Most efforts have been directed at understanding polarized molecular sorting as the main mechanism underlying the differential accumulation of a limiting factor in a polarized cell (Bradke and Dotti, 1997) . More recently, the concept has emerged of spatially restricted protein degradation as an alternative and complementary mechanism responsible for the enrichment of polarizing factors (Perrin et al., 2006; Schwamborn et al., 2007b; Wang et al., 2003; Yan et al., 2006) . This review focuses on two of the most conspicuous proteolytic systems in cells, the calpain and ubiquitin proteasome systems, and their roles in the acquisition of polarity of both migrating cells and neurons.
Regulatory role of cellular proteases
For many years, protein degradation was considered a nonspecifi c process responsible for protein turnover. However, the discovery in recent decades of intricate mechanisms that regulate the ubiquitin proteasome system and the calpains has unraveled new and emerging roles for protein degradation that are linked to the control of many processes. For example, these proteolytic systems may be involved in cellular proliferation (Sato and Kawashima, 2001) , cellular differentiation (Yajima and Kawashima, 2002) , epithelial and neuronal migration (Franco and Huttenlocher, 2005) , the development of cell polarity (Miyazaki et al., 2007) , and cell death (Harwood et al., 2005) .
Ubiquitin conjugation is initiated by the binding of a small protein of 76 amino acids to the lysine residues of a protein substrate through a multistep process involving three different types of enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-protein ligase (E3). The ubiquitin ligase determines the specifi city of the reaction through the formation of a multiprotein complex involving the E2 enzyme and the substrate (Ye and Rape, 2009).
Polyubiquitine-conjugated proteins are destined to the 26S proteasome, an eukaryotic ATP-dependent protease. This large multiprotein complex consists of two parts: the catalytic 20S proteasome and the regulatory particle 19S, each composed of an array of multiple subunits. The regulatory particle is responsible for recognizing ubiquitinated proteins, promoting their unfolding and allowing access to the catalytic core. The 20S proteasome has a barrel shape formed by four rings of seven subunits each. The two central β rings possess catalytic activities oriented inside the proteolytic chamber, while the two α rings attach the regulatory subunit 19S to the 20S proteasome (Glickman and Ciechanover, 2002) .
The calpain family of cysteine proteases is comprised of 14 isoforms in mammals, all of which are activated by calcium. Some isoforms are ubiquitously distributed in most tissues, such as calpains 1 and 2, whereas other isoforms have a more restricted pattern of expression. The regulation of calpain activity depends on changes in intracellular concentrations of calcium. Calpain 2, one of the main isoforms found in most tissues, requires millimolar concentrations of calcium to be activated in vitro. Because millimolar concentrations of calcium may be considered well beyond physiological levels under most conditions, calpain activity has traditionally been linked to pathological events and cell death (Friedrich, 2004) .
A role for calpain isoforms in cellular signaling was suggested with the discovery that multiple mechanisms in vivo may severely reduce or even replace the dependence on high calcium levels needed for protease activation. Among these mechanisms are calpain binding to lipids (Arthur and Crawford, 1996; Chakrabarti et al., 1996) , autolysis (Li et al., 2004) , phosphorylation (Glading et al., 2004) , and sumoylation .
Unlike the ubiquitin proteasome system, calpains do not lead to extensive degradation of their substrates, but rather generate stable fragments through a restricted number of proteolytic cuts. These fragments have functions that are distinct from those of the intact protein. The diversity of newly discovered functions of calpains is closely related to the discovery of more than 150 calpain substrates that include transcription factors (Oda et al., 2002) , transmembrane receptors (Simpkins et al., 2003; Struewing et al., 2007; Xu et al., 2007) , signaling enzymes (Shioda et al., 2006; Tremper-Wells and Vallano, 2005) , and cytoskeletal proteins (Cortesio et al., 2010; Yamada et al., 2009 ). These substrates indicate that cell proteases may have multiple regulatory roles. This article will discuss the regulatory roles of proteases in the determination of cellular polarity in cell migration and neuronal polarization.
Role of calpain in polarization during cell migration
Chemotaxis is a highly specialized form of cell migration in which cell movements and changes in polarity are instructed by specifi c chemical cues, which are often presented as an extracellular gradient (Devreotes and Janetopoulos, 2003) . This process is essential for the rapid recruitment of neutrophils to sites of infection through a mechanism that is dependent on the secretion of chemokines by endogenous cells of the infected tissue or by infi ltrating leukocytes. During neutrophil migration, actin microfi lament polymerization leads to the extension of membrane projections (i.e., protrusions) at the leading edge, including fi lopodia and lamellipodia, which are required for directional migration. In the case of neutrophils, exposure to a chemoattractant gradient induces the rapid enrichment of the protease calpain 2 at the leading edge where it colocalizes with F-actin (Nuzzi et al., 2007) . Localization of the protease at the leading edge seems to be causal for neutrophil migration because the expression of an inactive protease variant (Calpain PD) generates multiple lamellipodia surrounding neutrophils without a defi ned leading edge and prevents effi cient chemotaxis (Nuzzi et al., 2007) .
Calpain 2 also plays a role in the control of the dynamics of the lamellipodia in fi broblasts. Lamellipodial protrusions are produced by the polymerization of branched-actin fi laments adjacent to the plasma membrane. The actin regulatory protein cortactin, which is involved in the formation of membrane protrusions, is a substrate of calpains and a major downstream target for calpain 2 in particular (Table I ). Knock down of calpain 2 by siRNA results in an increase in both the speed and frequency of the occurrence of the protrusion and retraction events at the membrane (Franco et al., 2004) . Overexpression of a proteolysis-resistant form of cortactin results in defects similar to those observed in calpain 2 knockdown cells (Perrin et al., 2006) .
Role of the ubiquitin proteasome system in protrusive activity during cell migration
The ubiquitin proteasome system also plays a role in cell migration, particularly during the process of cell protrusion. Protrusion is the process during which plasmatic membranes extend in order to favor cell movements. Smad ubiquitination regulatory factor (Smurf)-1 is an E3 ubiquitin ligase from the C2-WW-Hect family, controlling the assembly/disassembly of focal adhesions, that contributes to regulate cell migration. Talin is a key molecule involved in integrin activation and focal adhesion formation . Talin is proteolyzed by calpain 2, and the fragment generated is subsequently tagged by Smurf-1 for proteasome degradation . Smurf1 is recruited to protrusive regions through its interaction with protein kinase C (PKC)-ζ, which induces the ubiquitination and degradation of the inactive form of RhoA (Table I) . Overexpression of Smurf1 leads to increased numbers of protrusions at the leading edge and disrupts fi broblast polarity (Wang et al., 2003) . Thus, Smurf1 prevents the formation of stress fi bers during the dynamic remodeling of actin, which then elicits the rapid formation of lamellipodial and fi lopodial extensions (Wang et al., 2003) . A similar mechanism of proteolytic regulation is also observed in neuronal cells where Smurf1 overexpression promotes the growth of neurites (Bryan et al., 2005 ). The mechanism is slightly different in peripheral nervous system neurons, where Smurf1 infl uences axonal growth but not the development of polarity (Vohra et al., 2007) . However, in a recent study, Yi et al, showed the importance of the type II receptor of transforming growth factor (TGF)-β in determining neuronal polarity through phosphorylation of Par6 (Yi et al., 2010) . Par6 phosphorylation was shown to be important for the establishment of polarity in epithelial cells, by favoring the interaction of Par6 with Smurf1, and the subsequent ubiquitin tagging and degradation of RhoA (Ozdamar et al., 2005) , opening the possibility that a similar mechanism could operate in central nervous system neurons. Another isoform of this ubiquitin ligase, Smurf2, has a role in cell polarity, which will be discussed in the next section.
Role of protein degradation in the establishment of neuronal polarity
The development of neuronal polarity has classically been studied in cultured rat hippocampal neurons in which discrete stages can be distinguished during axonal development. In stage 1, recently adhered neurons display active lamellipodial and fi lopodial protrusive activity. This increased actin-dependent protrusive activity is then followed by the formation of multiple immature neurites, which are continuously extending and retracting, leading to an essentially symmetrical cell (stage 2). The breakdown of this symmetry occurs when one of these neurites begins to extend more quickly than its sibling neurites and then becomes the axon (stage 3). The remaining minor neurites develop further into dendrites (stages 4 and 5) (Tahirovic and Bradke, 2009). During stage 2, when neurons are morphologically symmetrical, the molecular determinants that drive extension of the axon begin to locally accumulate in the minor neurite that will later become the axon. The growth cone of prospective axons is characterized by high instability of the actin cytoskeleton (Bradke and Dotti, 1999) . The accumulation of these molecular determinants is very similar to what occurs at the leading edge of migrating cells. Therefore, it is not surprising that many of the molecular mechanisms governing the development of neuronal polarity have a correlate in the development of polarity during directed cell migration.
At the beginning of stage 3, the accumulation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in the prospective axonal membrane is the earliest molecular event leading up to axonal elongation (Menager et al., 2004 ). PIP3 accumulation is primarily generated by phosphatidylinositol-3-kinase (PI3K) activity, which itself is activated by the binding of growth factors to its receptor tyrosine kinase (Shi et al., 2003; Sosa et al., 2006) . This generates a powerful positive feedback loop with the small GTPase Ras, which eventually leads to the breakdown of morphological symmetry (Fivaz et al., 2008) .
Increased PI3K activity also leads to the activation of other small GTPases, such as Rap1b and subsequently Cdc42 (Schwamborn and Puschel, 2004) , and enhances PIP3 levels in the plasma membrane, which leads to further recruitment and activation of the protein kinase Akt (Menager et al., 2004; Shi et al., 2003) . Additionally, the selective degradation of the inactive pools of Akt and Rap1B may contribute to the local enrichment of these signaling proteins (Table I ). The activation of Akt in the axonal growth cones of polarized neurons is controlled by selective activation with increased PIP3 in the plasma membrane, and also by selective degradation of inactive Akt in minor neurites (Yan et al., 2006) . Smurf2, a ubiquitin ligase, plays an important role in the regulation of axonal elongation and polarity. Rap1B is also found in the nascent axonal tip, and its overexpression leads to multi-axonal hippocampal neurons. In contrast, Rap1B loss of function mediated by the use of siRNA prevents the formation of axons, a phenotype that is rescued by the expression of a constitutively active form of Cdc42. Because a loss-of-function mutation in Cdc42 cannot be rescued by constitutively active forms of Rap1B, the latter should be located upstream of Cdc42. Moreover, constitutively active versions of both Cdc42 and Rap1B, GTPases reverse the inhibition of axonal elongation that occurs after pharmacological inhibition of PI3K activity. Like Akt, Rap1B is concentrated in a single neurite by the selective degradation of the inactive protein in those neurites that will give rise to dendrites. This degradation is mediated by the ubiquitin ligase activity of Smurf2 (Schwamborn et al., 2007b) . Smurf2 is directed toward the axonal growth cone through the interaction of its HECT domain with the third PDZ domain of the scaffold polarity protein Par3, which allows their transport by coupling the KIF3A subunit of kinesin-2 (Schwamborn et al., 2007a) .
Cdc42 activation had been linked to Rac1 activation through a Par3-Par6-aPKC mechanism (Nishimura et al., 2005) . Interestingly, Par3 is able to interact directly with the invasion-inducing T-lymphoma and metastasis (Tiam)-1 protein (Table II) , which is a specific activator for Rac (Michiels et al., 1995) . Tiam1 has been proposed to participate in the determination of polarity in neurons (Kunda et al., 2001) , the control of migrating cells (Pegtel et al., 2007) , and the acquisition of T-cell (Gerard et al., 2007) and epithelial cell (Chen and Macara, 2005) polarity. Src-phosphorylated Tiam1 may be proteolyzed by calpain, generating a Tiam1-inactive fragment that induces the disassembly of adheren junctions in epithelial cells (Woodcock et al., 2009) , and therefore may play a role in the determination of polarity in these cells. Par3 also interacts with other components of the proteasome in epithelial cells, including its activators PA28β and PA28γ, although the signifi cance of these interactions has not yet been determined (Zhou et al., 2008) .
Akt activation also induces glycogen synthase kinase (GSK)-3β (Table II) inactivation, leading to decreased phosphorylation of collapsin response mediator protein (CRMP)-2 (Table II) in Thr514 (Yoshimura et al., 2005) . Although initially described as a regulator of glycogen metabolism, GSK3β is also involved in regulating the acquisition of cell polarity in multiple processes and cell types, including directed cell migration (Etienne-Manneville and Hall, 2003) , axon specifi cation (Jiang et al., 2005) , and apicalbasal polarity in epithelia (Colosimo et al., 2010) . Calpain cuts the N-terminal segment of GSK3β, which generates the constitutively active kinase (Goni-Oliver et al., 2007) , and is thus an alternative mechanism for controlling GSK3β activation.
CRMP2 was originally characterized as a protein that mediates growth cone collapse in response to semaphorins (Goshima et al., 1995) . Overexpression of CRMP2 in neurons induces the generation of multiple axons (Inagaki et al., 2001) , partly because of its activity as a GTPase-activating protein (GAP) for tubulin, which promotes microtubule polymerization (Chae et al., 2009 ). Such activity is located at the C terminus of CRMP2, as a variant that lacks this domain acts as a dominant negative, leading to the formation of neurons that have either one or no axon (Inagaki et al., 2001) . Calpains proteolyze the C-terminal region of CRMP2 (Liu et al., 2009 ) and therefore may act as a physiological regulator of CRMP2 activity and growth cone formation.
Several effector proteins involved in cytoskeleton dynamics and growth cone formation are found downstream of Rap1b and Cdc42 GTPases. These include LIM kinase 1 (LIMK1) and its direct substrate, the actin dynamizing factor cofi lin (Garvalov et al., 2007) . Overexpression of LIMK1 leads to an increase in axonal length, whereas decreased expression leads to the opposite phenotype (Rosso et al., 2004) . Therefore, the regulation of LIMK levels is likely to be important for axonal elongation. The ubiquitin ligase Rnf6 proteolyzes LIMK1, reducing its levels in growth cones. Rnf6 overexpression leads to shorter axons, which is rescued by overexpression of LIMK1, revealing the importance of this mode of regulation in the control of axonal outgrowth (Table I) (Tursun et al., 2005) .
Another signaling protein that contributes to the generation of neuronal polarity has been recently described. Kinase D-interacting substrate of 220 kDa (Kidins220), also known as ankyrin repeat-rich membrane spanning (ARMS), is a protein expressed predominantly in neural tissues. Kidins220 is the fi rst known physiological substrate of protein kinase D (PKD) and has been shown to have a role in determining neuronal polarity (Higuero et al., 2010) . Calpain proteolysis infl uences Kidins220 functions and thus may also infl uence neuronal polarity via the PKD pathway (Lopez-Menendez et al., 2009) . PKD is likely to infl uence traffi cking of trans Golgi network (TGN)-derived dendritic proteins, as kinase-inactive forms of PKD trigger the delivery of dendritic proteins to the axonal compartment. Therefore, PKD function is linked to the determination of neuronal polarity (Bisbal et al., 2008) . A role for PKD in regulating the targeting of Golgi-derived elements to the dendritic compartment has been further substantiated using molecular genetic approaches (Czondor et al., 2009 ).
Conclusions and future directions
In recent years, experimental evidence has elucidated a role for proteolysis in the control of local concentrations of proteins and thus in the generation of molecular asymmetries in cells. Few proteins have been demonstrated to require proteolytic processing to control cell polarity (Table I ). In contrast, numerous proteins are substrates for the proteolytic systems, though it remains to be determined whether proteolysis is relevant to their role in generating neuronal polarity (Table II) .
Most of the protease substrates associated with cell polarization have also been proposed to play a role in directed cell migration and axonal specifi cation. There are, however, other cellular processes that are relevant for cell morphological determination and function that may also be dependent on the proteolytic processing of proteins. For example, establishment of the apical-basolateral compartments in epithelia and the determination of planar cell polarity (PCP) in a tissue. Two examples of protease substrates are available to explain the participation of proteases in these processes, namely Scribble (Phua et al., 2009) and Prickle (Narimatsu et al., 2009) , and it is likely that novel protease substrates will be identifi ed in future years.
Therefore, local proteolysis of proteins may be a complementary and novel mechanism for regulating both the acquisition of polarity that is required for directed cell migration and the establishment of an axon. This mechanism should thus be conserved across different cell types. Ongoing research to indentify new targets for proteolysis will continue to expand our understanding of the molecular mechanisms governing the migration of cells and the development of neuronal polarity. 
